In open stope mines, the cemented backfill must maintain self-standing in the primary stope during the extraction of an adjacent secondary stope. A limit equilibrium solution proposed by Mitchell et al. (1982) 
Introduction
In open stoping, stopes are usually divided into primary and secondary stopes to facilitate pillar recovery (Mitchell et al. 1982; Pierce 2001; Emad et al. 2014) . The primary stope is first mined and then backfilled with cemented fill, which acts as an artificial rib pillar during extracting a secondary stope.
Before the 1980s, the exposed cemented fill was designed as a freestanding vertical prism (1D) or a 2D vertical slope (e.g. Askew et al. 1978) . These methods ignore the confinement exerted by the remaining stope walls, leading to over-conservative design. Mitchell et al. (1982) developed the well-known 3D wedge model that has been widely applied with a significant save in binder usage. Several modifications of the Mitchell et al. (1982) solution have been made in past years (Zou & Nadarajah 2006; Dirige et al. 2009; Li & Aubertin 2012 Li 2014 ). Figure 1 shows the wedge model of a side-exposed cemented fill considered by Mitchell et al. (1982) . L (m), B (m) and H (m) represent the length, width and height of the backfill. The inclination angle of the sliding surface α is taken as 45° + ϕ/2 (to the horizontal). It is assumed that the stope has a high aspect ratio (HAR, H/B ≥ tanα) so that the sliding plan is limited within the fill body. It is considered that only the cohesion of fill-sidewall interface c s (assumed equal to the backfill cohesion c) contributes to the shear strength mobilised along the sidewalls. There is no shear strength mobilised along the back wall. The Factor of Safety (FS) and the required backfill cohesion c of the exposed backfill are given by:
Existing analytical solutions

Mitchell et al. (1982) solution
where:
is the equivalent height of the sliding wedge.
 (kN/m 3 ),  (= ', °) and c (= c', kPa) are the fill's unit weight, internal friction angle and cohesion. This solution has been the objective of several modifications over the years.
Modifications of the Mitchell solution
Li & Aubertin (2012) extended the Mitchell et al. (1982) solution by considering surcharge p 0 (kPa), different stope aspect ratios, and reduced interface cohesion along sidewalls. For a HAR stope, the sliding surface develops within the backfill. The required fill cohesion c can be expressed as:
where: r s (= c s /c; from 0 to 1) is the adherence ratio along the sidewalls.
The sliding surface may be extended to the backfill top for low aspect ratio (LAR, H/B < tanα) stopes. This consideration leads to the following expression:
When there is a tension crack, Li & Aubertin (2012) 
The equivalent width of the sliding wedge B t is then written as:
The stability of an exposed backfill face or the required cohesion can then be assessed by replacing B in Equation 2 with the equivalent wedge width B t .
Li (2014) modified the Li & Aubertin (2012) solution by considering the frictional strength along the sidewalls and interface cohesion along the back wall c b . For HAR stopes, the required fill cohesion c is given by: K is the earth pressure coefficient along sidewalls; its value is taken as Rankine's coefficient K a . This is very similar to the case of cohesive soil with a vertical open face (Bowles 1984 ).
In the case of LAR stopes, the Li (2014) solution is expressed as:
Equations 4 and 5 are used in the presence of a tension crack. Li & Aubertin (2014) used FLAC3D to evaluate the response of cemented fill upon vertical exposure. Their results indicated that the shear resistance along sidewalls for the lower block acts parallel to the sliding surface. The sliding wedge (see Figure 1 ) is then divided into an upper rectangular block and a lower triangular wedge. The interface cohesion along the back wall was taken into account. These assumptions lead to the following expression for HAR stopes:
These modified solutions were shown to be able to better represent the experimental data reported by Mitchell et al. (1982) , than the original Mitchell solution. These solutions are assessed using numerical simulations in the following sections.
3
Numerical simulations with FLAC3D
3.1 Numerical model Figure 2 illustrates the numerical model built with FLAC3D (Itasca Consulting Group, Inc. 2013) to investigate the mechanical behaviour of the exposed fill upon vertical exposure.
Figure 2 Numerical model of a side-exposed backfill in a primary stope built with FLAC3D
The rock mass is considered linearly elastic and characterised by a unit weight  r of 27 kN/m 3 , a Young's modulus E r of 30 GPa and a Poisson's ratio ν r of 0.3. The cemented backfill behaves as a Mohr-Coulomb elastoplastic material. The tensile strength cut-off T 0 is taken as nil, which corresponds to the most conservative case. The effective friction angle of fill ' is related to its Poisson's ratio ν through the relationship ν = (1 -sin')/(2 -sin'), based on the uniqueness and consistency of at-rest earth pressure coefficient K 0 (Falaknaz 2014; Jahanbakhshzadeh 2016; Yang 2016) . The stope geometry and fill properties for various simulated cases are summarised in Table 1 . Table 1 Stope Displacements are prevented in all directions at outer boundaries of the rock mass (except for the top surface). On the symmetry plane x = 0, displacements are restricted in the x direction and allowed in the y and z directions (Figure 2 ). Meshing is based on the sensitivity analysis presented in Yang (2016) . The primary stope is first excavated in one step and then filled with 5 m/layer. The exposure is created by instantly removing the constraint along the open face. This corresponds to the limit equilibrium method used in the theoretical development. A novel instability criterion (see Section 3.2) is applied to assess the failure of the exposed fill. The strength reduction analysis is performed to determine the minimum required fill cohesion. Interface elements are not used along the fill-wall contacts (e.g. Li & Aubertin 2009; Liu et al. 2016 ).
Failure mode and instability criterion
The failure of the exposed fill is commonly evaluated by the yield state, shear strength ratio, displacement and tensile stresses (Coulthard 1999; Pierce 2001; Falaknaz 2014; Li & Aubertin 2014; Liu et al. 2016 ). However, the stability evaluation based on these criteria can sometimes lead to ambiguous judgement. A new instability criterion is defined here based on the total displacement along the vertical centreline of the exposure (dotted line OO' in Figure 2 ). This method is inherited from the instability criterion used to assess the stability of a structure, instead of the failure or yield state of a material (Yang et al. 2017a ).
Numerical results shown in Figure 3 illustrate the typical variation of the total displacement along the stope depth h (line OO' in Figure 2 ; Case 1 in Table 1 ). The maximum total displacement increases slightly (in mm) when the c value goes from 30 to 25 kPa, and surges dramatically to about 1 m for a continuous reduction of c to 24 kPa. Such dramatic increase of the displacement with slightly reduced backfill cohesion indicates the onset of failure of the exposed fill (see more details presented in Yang 2016). Table 1 )
The failure mode assumed in existing analytical solutions considers a planar slip surface (see Figure 1 ). This is confirmed in the laboratory tests conducted by Mitchell et al. (1982) . However, such failure mode only governs for relatively small backfill cohesion. New numerical results shown in Figure 4 indicate that the slip surface can become spoon-shaped when the stope geometry requires a larger cohesion (e.g. Falaknaz 2014 ). This is due to the build-up of tensile stresses near the fill top, which also renders the required c independent of stope width B (see Figure 4) . Such failure mode has been confirmed by centrifuge tests performed on cemented fills (Mitchell 1986; Dirige & De Souza 2000 and field observations (e.g. Emad et al. 2014) .
A new analytical solution is thus required. Table 1) 4 Proposed solution and its validation 4.1 Modified formulation Figure 5 shows the theoretical model consisting of a slip wedge and a tension crack. The weight of the wedge is denoted by W and the slip plane is inclined at an angle α of 45° + ϕ'/2 to the horizontal. S s is the shear forces acting along the sidewalls. S t is the shear forces (due only to fill cohesion) along the (potential) tension crack; the frictional strength mobilised along this crack is neglected. H t (m) is the depth of the tension crack and B t (m) is the equivalent width of the wedge.
Figure 5 Modified wedge model with a vertical tension crack (adapted from Li & Aubertin 2012)
Based on the Mohr-Coulomb criterion, the shear strength available at the fill-sidewall interface τ s is given by:
where: c s (= r s c, 0 ≤ r s ≤ 1) is the interface cohesion along the sidewalls. σ h is the horizontal stress along the sidewalls at depth h ( Figure 5 ).
The value of σ h is obtained with the following expression (Li et al. 2003) :
K is taken as Rankine's active pressure coefficient K a = (1-sin ϕ')/(1+sin ϕ').
The shear force acting along a fill-sidewall interface S s is expressed as (see Figure 5) :
B t is estimated from Equation 5.
Introducing Equations 9 and 10 into Equation 11, the expression of S s is written as: The net weight of the slip wedge W n is given by:
The self-weight of the wedge The FS of the sliding wedge is written as:
Introducing Equations 12 and 13 into Equation 14, the limit equilibrium analysis of the slip wedge leads to the proposed solution in terms of the required fill cohesion c: 
Validation using numerical simulations
The proposed analytical solution is compared to the numerical simulations, as illustrated in Figure 6 , in terms of the required (critical) fill cohesion c against stope geometry (Cases 3, 4 and 5 in Table 1 ). The critical fill cohesions obtained by numerical simulations are determined using the instability criterion based on displacement. Four existing analytical solutions (Mitchell et al. 1982; Li & Aubertin 2012 Li 2014) are also shown for comparison. The required c value obtained with numerical simulations increases with an increase in stope length L (Figure 6(a) ) and (to a lesser extent) in stope height H (Figure 6(b) ). The numerical results are almost independent of the stope width B (Figure 6(b) ). The results indicate that improvements are obtained by the modified analytical solutions, while Equations 1b and 2 largely over-predict the required fill cohesion (relative to other numerical and analytical approaches). Additional results indicate that both the analytical and numerical solutions predict a reduction in the required cohesion (and agree well with each other) as the ' value increases (from 1 to 45° with the related ν value varying from 0.496 to 0.227; see more details in Yang (2016) and Yang et al. (2017b) ).
These results indicate that the proposed analytical solution (Equation 15a) correlates well with the numerical simulations for typical stope sizes and fill properties. However, the numerical and analytical results are based on the consideration that the fill-wall interfaces have the same mechanical properties as the backfill. Several laboratory tests have shown that this is not fully representative (Fall & Nasir 2010; Koupouli et al. 2016 ).
More work is needed to take into account interfaces between the backfill and walls.
Conclusions
Numerical simulations are performed with FLAC3D using the elasto-plastic model, considering related effective friction angle ' and Poisson's ratio ν of the backfill. An instability criterion is defined to assess more objectively the stability of backfill upon exposure from numerical simulations. These results show that the required cohesion of the cemented fill mainly depends on the backfill exposure length L, and almost insensitive to the stope width B, due to the build-up of tensile stresses near the backfill top surface. A new analytical solution is proposed to evaluate the stability of exposed cemented backfill, using a combination of an inclined and a vertical planar surface. The results indicate that the proposed solution agrees well with the numerical simulations for typical stope geometries and fill properties.
